Abstract. We report the experimental studies of the vibrational spectra of SrTiO 3 films grown by pulsed laser deposition. Raman scattering, with and without bias electric field, and Fourier-transform far-infrared ellipsometry between 30 and 700 cm have been utilized for investigation of the phonon behavior. These results are discussed in connection with the low-frequency dielectric properties of the SrTiO 3 films. In the films, the soft mode reveals hardening compared to that in bulk crystals. This observation is in agreement with the Lyddane-Sachs-Teller formalism. The existence of local polar regions is proposed as an important factor determining the dielectric properties of ferroelectric thin films.
INTRODUCTION
The potential of using ferroelectrics in various device applications have initiated a broad interest in the fundamental properties of ferroelectric thin films. For example, the ferroelectric properties are explored for non-volatile ferroelectric random-access memories (FRAM) [1, 2] , the high static dielectric constant for dynamic randomaccess memories (DRAM) [3, 4] and MOSFET [5] , and the dielectric nonlinearity for tunable microwave devices [6] .
Lattice dynamics is of central importance for the mechanism of ferroelectricity [7] . The hallmark of ferroelectrics, i. e. the spontaneous polarization, arises from a displacement of the center of positive charge with respect to the center of negative charge in the ferroelectric crystal. This displacement, such as that of the Ti ion with respect to the oxygen cage in the TiO 6 octahedra in BaTiO 3 (BTO), involves the same ionic movement as a zone-center transverse optical phonon mode, the socalled "soft mode". The soft mode has a low frequency due to the interplay between the local restoring force and the long range dipole interaction, and it decreases as the temperature is lowered. When the temperature approaches a Curie temperature T c , the soft-mode frequency tends to zero [8, 9] and the soft mode is frozen in the crystal, which transforms to a ferroelectric phase [10] . The soft-mode theory, due to Cochran [10] and Anderson [11] , has been proven by many lattice dynamics studies.
The soft-mode behavior can also explain the high dielectric constant in the paraelectric phase of ferroelectrics [12] . For a crystal with N infrared-active optical modes, the Lyddane-Sachs-Teller (LST) relation connects the macroscopic dielectric constants to the microscopic parameter -optical phonon frequencies:
where 0 and ∞ are the static and the high frequency dielectric constants, and ω LOj and ω T Oj are the frequencies of the longitudinal and transverse optical phonon modes, respectively. It is generally found that the frequencies of the higher optical modes exhibit no sizeable variation with temperature. The decrease in the soft-mode frequency as the temperature approaches T c will thus cause a dramatic increase of 0 . The soft-mode behavior is also the basis for the dielectric nonlinearity, i. e. the electric-field dependence of 0 in, e.g., SrTiO 3 (STO). It is due to the field-induced hardening of the soft mode frequency [13] , which arises from the anharmonic restoring forces on the Ti ion when it is displaced from its equilibrium position [14] . According to the LST relation, a higher soft-mode frequency will lead to a decrease in the static dielectric constant. Another important materials parameter for applications is the dielectric loss. In an ideal ferroelectric crystal, it is related to the damping of the soft mode through multiple-phonon processes in the paraelectric phase, and dominated by the quasi-Debye contribution in the ferroelectric phase [14] [15] [16] . The study of lattice dynamical properties, in particular the softmode behavior, is essential for the fundamental understanding of the properties of ferroelectrics.
Although studies of phonon properties in the ferroelectric thin films are very important, very few such measurements are available in transparent thin films due to technical difficulties. In this paper, we summarize the lattice dynamical studies carried out in our lab in thin films of the incipient ferroelectric STO, which is an ideal model system for fundamental studies of ferroelectrics. We have found that the phonon properties in the STO can explain a variety of dielectric properties of the films that are different from those in the bulk materials.
SOFT MODES IN STO
In single crystal STO, there are two soft mode-driven structural phase transitions. One is the cubic-to-tetragonal (antiferrodistortive) phase transition at ∼ 105 K, which is due to the instability of the zone-corner soft mode and involves the rotation of the Ti-O octahedral [9] . The other is the ferroelectric phase transition described above, driven by the instability of the zone-center soft mode. However, the ferroelectric transition does not occur in STO at normal conditions due to quantum fluctuations, or the zero-point motion of the Ti ions [17, 18] . The transition to the ferroelectric phase can be induced by doping [19] or stress [20] . Therefore, STO is an incipient ferroelectric, or a quantum paraelectric, at low temperatures. Recently, Müller et al. further proposed that the low temperature state of STO may be a coherent quantum state [21] .
When a ferroelectric is cooled towards T c , the zone-center frequency of the soft mode falls to zero:
Since the eigenfrequencies of other phonons are almost constant, according to the LST relation, the temperature dependence of the soft-mode frequency and the static dielectric constant are connected as follows:
which is consistent with the Curie-Weiss law for the temperature dependence of the static dielectric constant:
In bulk STO crystals, the experimental data for the soft modes and static dielectric constant obey Eqs.(2) and (4) above 50 K but deviate from the Curie-Weiss law at lower temperatures [8] . The hardening of the soft modes was attributed to their strong coupling with transverse acoustic phonons. Although the ferroelectric transition is suppressed by the quantum fluctuations, a strong variation of the soft mode frequency from 90 to 13 cm −1 when temperature decreases from room temperature to the liquid helium temperature is consistent with the dramatic increase of 0 at low temperature.
In cubic crystals with a perovskite structure, such as in STO, every atom in the primitive cell has the center of inversion symmetry and, consequently, the optical phonons are of the odd symmetry. Three phonon branches of the F 1u symmetry are infrared active and one branch of the F 2u symmetry (the so-called "silent mode") is neither infrared nor Raman active. At low temperatures, below the structural cubic-to-tetragonal phase transition, the soft mode splits into modes of the A 2u and E u symmetry and remain infrared active, polarized along and perpendicular to the tetragonal axis, respectively. The splitting of the optical phonons in the tetragonal phase imply an anisotropy of the dielectric function tensor. The frequencies of the split components of the soft mode are still connected to the corresponding components of the dielectric function tensor by the LST relationship.
The frequency of the zone-corner, or the R-point, soft mode drops to zero at the cubic-to-tetragonal phase transition temperature, T a . The transition results in a doubling of the primitive cell in the tetragonal phase, leading to the folding of the R phonons into the zone center and splitting into two Raman active modes of the A 1g and E g symmetries.
TECHNIQUES FOR SOFT MODE STUDIES
Phonon spectra in STO bulk crystals have been investigated for many decades using far infrared (IR) spectroscopy [8] , neutron scattering [22] , Raman scattering [13] , and hyper-Raman scattering [23] . The results are well documented (see "Landolt-Börnstein numerical data and functional relationships in science and technology" [24, 25] ). The neutron scattering technique is limited to the bulk material since it usually requires several grams of sample. Hyper-Raman scattering can in principle provide useful information about the infrared-active optical phonons [23] , however, it utilizes very high excitation laser power density which will damage thin film samples. Infrared spectroscopy allows measurements of the dielectric function in the far-IR spectral range. To obtain the real and imaginary parts of the dielectric function in reflection or transmission experiments requires the Kramers-Kronig transformation. In far-infrared ellipsometry, on the other hand, the Kramers-Kronig transformation is not necessary because both the real and imaginary parts of the dielectric function are measured at the same time. The use of conventional Raman scattering is limited in bulk STO because the odd-parity optical phonons are not Raman-but IR-active. First-order Raman scattering has been measured in bulk STO only when the central symmetry was broken by hydrostatic or uniaxial stress [20] , impurities [26] [27] [28] , or application of external electric field [13] .
Although lattice dynamical properties in ferroelectric thin films are recognized to be important for the understanding of their dielectric properties, the above mentioned technique cannot be readily applied to thin films samples. It is difficult to measure phonons in transparent thin films. For example, in Raman scattering light goes through the film into the substrate, which has much larger scattering volume and therefore its signal dominates in the Raman spectrum. Same difficulties exist for infrared measurements as well.
To overcome this problem, we have used a metal-oxide bilayer Raman scattering (MOB-RS) technique [29] . The schematic of the bilayer structure is shown in Fig. 1 . A conducting metal oxide layer, such as of YBa 2 Cu 3 O 7 (YBCO) or SrRuO 3 (SRO), was deposited between the STO layer and the substrate. The conducting oxide layer reflects the substantial part of the laser beam back into the STO film and the rest attenuates quickly within the conducting layer, therefore Raman scattering from the substrate can be avoided and the signal from the STO film can be confidently detected. This layer has to be thick enough, around 350 nm in our experiments, to block the signal from the substrate. In contrast to growing on reflective substrates such as Si or Pt-coated Si [30] [31] [32] , or on substrates with low Raman or infrared activities at the frequency of interest, such as Al 2 O 3 , KTaO 3 , MgO, and fused quartz, [33] [34] [35] [36] , the metal-oxide bilayer technique ensures high quality epitaxial growth of the ferroelectric thin films, which is important for probing intrinsic thin film properties. This technique is versatile because many conducting metal oxides can be used as a reflective layer. The bilayer geometry allows the Raman scattering, fir-IR ellipsometry, and low-frequency dielectric measurements to be performed on the same sample.
EXPERIMENTAL
The bilayer samples were prepared by pulsed laser deposition on LaAlO 3 (LAO) or STO substrates. The STO film thickness ranges from 0.5 to 2.3 µm. An SRO layer of thickness 0.35 µm was used as the reflective layer, which is thick enough to screen the optical signal from the substrate. SRO has a pseudocubic perovskite structure with a lattice constant of 3.93Å [37] , which is 0.64% larger than that of STO (3.905Å). For electric-field induced Raman measurement, a transparent indium-doped tin oxide (ITO) layer was further deposited on top of the STO/SRO bilayer by pulsed laser deposition. During the STO/SRO deposition, the substrate was heated to 720-800
• C in an oxygen pressure of 100 mTorr, and the as-deposited film was then cooled to room temperature in 400 Torr of O 2 . The laser energy density was about 1.5 -3.0 J/cm 2 , and the deposition rate is ∼ 4Å/s. For ITO deposition, the substrate temperature was 200
• C and the oxygen pressure was 16 mTorr, which resulted in high conductivity of ITO. X-ray diffraction study showed high crystallinity in the STO films with the full width at half maximum of the rocking curve as small as 0.16
• . For the low-frequency dielectric measurement, a gold electrode was evaporated onto the film surface. The dielectric constant was measured at 1 kHz.
For Raman scattering measurement, the sample was attached to a cold finger inside an optical He-flow cryostat with a temperature range between 5 and 300 K. Raman scattering measurements were taken in the conventional backscattering and in close-to-90
• configurations. The z axis is perpendicular to the film plane, while x and y axes are parallel to the [100] and [010] directions of the cubic STO structure, respectively. The 514.5 nm line of an Ar + -ion laser was used for excitation. Raman spectra were recorded with a SPEX Triplemate spectrometer equipped with a charge-coupled device (CCD) detector. For the electric-field induced Raman scattering measurements, a dc voltage was applied to the sample between the SRO and ITO layers, providing an electric field inside the STO film up to 30 × 10 4 V/cm. FTIR ellipsometry experiments have been carried out at the National Synchrotron Light Source in Brookhaven National Laboratory using synchrotron radiation [38] . The complex dielectric function was measured in the frequency range between 30 and 700 cm −1 as the temperature was varied from 5 to 300 K.
RESULTS

Observation of first-order optical phonons
Using the MOB-RS technique, we measured Raman scattering in STO thin films and the results are very different from those in bulk STO crystals [39] . In Fig. 2 , Raman spectra for three STO films of different thicknesses measured at T = 5 K are shown together with the spectrum of an STO single crystal. By comparing with the hyper-Raman results of bulk single crystals [40, 41] , we identify the strong peak at 170 cm −1 as due to the TO 2 , the weak peak at 264 cm −1 to the silent TO 3 , and the strong peak at 545 cm −1 to the TO 4 phonons. These peaks can be observed up to room temperature. In contrast, the Raman spectrum of the STO single crystal is characterized by the second-order scattering signal and the structural modes denoted by the letter R. Weak TO 2 and TO 4 peaks can also be seen in the single crystal spectrum, likely due to the impurities in the sample.
The appearance of the strong TO phonon peaks indicates a lowering of the crystal symmetry in the STO films, the breaking of inversion and/or translation symmetries. In Fig. 3 , the enlarged spectra of the polar TO 2,4 and non-polar TO 3 peaks for the 2.3 µm film are displayed for T = 5 K. The TO 2 peak is strongly asymmetric and exhibits a Fano profile [42] :
where E(ω) = 2(ω − ω 0 )/Γ. Here ω 0 is the phonon frequency in the absence of interaction, Γ is its FWHM, A is the amplitude, and q is the asymmetry parameter. In contrast, the TO 3 and TO 4 peaks are mostly symmetric. The Fano effect occurs whenever discrete excitations and a broad continuum interfere coherently [42] . This continuum of excitations in STO films is polar because it only interacts with the polar TO 2 phonon. In doped STO and KTO single crystals, the asymmetric line shape similar to that in Fig. 2 (a) has also been found [43] . The polarization fluctuations in the defect-induced micro polar regions has been proposed to explain the asymmetry [28, 44] . We believe that the Fano effect in our STO films results from the interaction of the TO 2 phonons with the polarization fluctuations in such local polar regions. Concerning the origin of the local polar region, it is impossible to rule out the existence of impurities: even in samples of highest purity, acceptor-type impurities have been detected [45] . The defect chemistry studies show, however, that the existence of these impurities, as well as cation off-stoichiometry, often results in oxygen vacancies in the titanates [45] . It was shown by Uwe et al. that when a nominally pure STO single crystal is reduced, ferroelectric micro-regions are induced in it [27] . In thin films, besides cation off-stoichiometry and acceptor-type impurities, oxygen vacancies can also result from insufficient oxygenation during the deposition process. Based on these considerations, we conclude that the local polar regions in the STO films are most likely caused by the oxygen vacancies.
Soft-mode hardening in thin films
In the MOB-RS work described above, we did not detected the infrared-active soft mode in the Raman spectra. Therefore, we applied the technique of far-infrared ellipsometry to the bilayer samples [46] . This newly developed technique combines ellipsometry with the high brightness of the synchrotron radiation, and provides a powerful capability to measure vibrational properties with high reliability and accuracy. The real and imaginary parts of the effective dielectric function, (ω) and (ω), for a 2 µm-thick STO film at 200 K are shown in Fig. 4 . The soft TO1 phonon mode is clearly observed along with other TO modes, and their positions are marked in the figure. The same general features were also observed in films of different thickness except that the spectral weight of the STO-SRO interface-related Berreman mode [47] decreases with increasing film thickness.
The soft-mode TO1 phonon frequency was measured as a function of temperature and the square of the soft-mode frequency, ω 2 T O1 , is plotted in Fig. 5 together with the inverse dielectric constant, 1/ 0 , as obtained from the low-frequency dielectric measurements. Both the results for the STO film and a STO single crystal are displayed for comparison. As shown by Fig. 5(a) , the frequency of the soft-mode decreases as the temperature is lowered. However, in clear contrast to the bulk crystals where the eigenfrequency of the TO1 phonon mode saturates at 13 cm −1 at low temperature [23] , in our STO thin film the TO1 eigenfrequency remains fairly high and saturates at 62 cm −1 . Since the frequencies of the hard mode, the modes other than the soft mode, change only weakly with temperature and are completely the same as those in the bulk STO, a higher soft-mode frequency at low temperatures should lead to a lower the static dielectric constant 0 , which is indeed observed as shown by Fig. 5(b) . From Eq. (1), we obtain 
where ω T O1,f ilm and ω T O1,bulk denote the frequencies of the soft TO1 mode in the thin film and the bulk crystal, respectively. The data shown in Fig. 5 are in good agreement with this relation. The observation of the soft-mode hardening in STO films is important for such high-storage-density-capacitor applications of ferroelectrics as in DRAM. It is often thought that the significant reduction in the static dielectric constant 0 in thin films arises at least to some extent from an interfacial "dead layer" which has a low dielectric constant [48] [49] [50] . Such a dead layer may arise from oxygen interdiffusion, chemical reaction, structural defects, Schottky barriers at the interfaces, or the electric-field penetration into the metal electrodes. Applying such a dead layer model to STO films of various thicknesses we derived a temperature-dependent dielectric constant for the volume of the film material which is still well below the value of bulk value [51] . We have demonstrated, on the other hand, that the dead layer correction to 0 is negligibly small for a 2 µm-thick STO film [51] . Our infrared result shows that the soft-mode hardening results in low dielectric constant in STO thin films.
Field induced soft-mode hardening
The response of the soft mode to external electric field is very helpful for the understanding of the different field tuning behaviors of 0 in STO thin films and crystals. In STO single crystals, the dielectric nonlinearity vanishes above T ∼ 80 K [52] but in thin films, it remains non-zero to very high temperature [53] .
The optical phonon frequencies in STO thin films are measured by Raman scattering under external electric field [54] . Fig. 6 shows Raman spectra obtained at 10 K with and without application of external electric field. The phonon frequencies determined by Raman scattering are similar to the results of FTIR ellipsometry. Raman spectrum at zero field (solid line) contains a strong peak at about 40 cm −1 originated from the E u component of the soft mode (labeled E). Application of the external electric field leads to appearance of the A 2u component of the soft mode (labeled A). The selection rules for the A and E peaks change with an increase of the electric field and in the strong field-limit the nonzero components of the Raman tensor are a zz and a yz,xz for the A and E phonon modes, respectively. The splitting between them at low temperatures and in the absence of electric field is induced by the tetragonal distortion. The soft mode frequency in the film is higher at low temperature than that in bulk STO crystals. This result is in a quantitative agreement with the LST formalism.
We have shown that the response of 0 to external electric field is very different between STO films and bulk crystals [53] . In STO single crystals, the dielectric nonlinearity vanishes above T ∼ 80 K [52] but in thin films it remains non-zero to very high temperature [53] (See Fig. 7) . We have measured the TO 1 phonon frequency as a function of external electric fields, which shows that the soft mode frequency increases when an electric field is applied, and the electric field induced soft-mode hardening is observed in the entire temperature range of the measurement. This is different from bulk crystals where the mode hardening vanishes above T ∼ 80 K [55] . Similar electric-field and temperature dependencies are observed for 0 and 1/ω 2 T O1 . Hence the mechanism of electric-field tunability of the dielectric constant in the STO films is, as in the bulk, the field induced hardening of the soft mode. The difference in the dielectric nonlinearity in thin films and bulk crystals is due to the different soft-mode properties and their responses to the external electric field.
The cubic-to-tetragonal phase transition occurs in bulk STO crystals at 105 K [9] . The R-mode intensity as a function of temperature in our STO films on STO substrates shows that this structural transition occurs at 120 ± 5 K, a little higher than that in the bulk at 105 K.
DISCUSSIONS
The observation of the Fano effect, and the suggestions based on it that local polar regions exist in STO thin films, may hold the key to the understanding of the lattice dynamical and dielectric properties of ferroelectric thin films. The existence of such local polar regions around defects or oxygen vacancies has been proposed in bulk materials both experimentally [27, 28, 44, 56] and theoretically [57] [58] [59] .
The existence of local polar regions could explain the soft-mode hardening in the films. Fleury and Worlock [13, 55] first pointed out that the soft-mode frequency can be expressed as a function of lattice polarization, P , based on Devonshire's expansion of Gibb's free-energy density and the LST relation. Ignoring tensor indices, the Gibbs free-energy density, G, is expanded in a power series of P as
where χ is the electric susceptibility, and ξ and ζ are expansion coefficients. The macroscopic electric field, E, is the derivative of G with respect to P :
and the second derivative gives the inverse dielectric constant:
The approximation 0 (T ) ≈ 0 (T ) − 1 is used because 0 (T ) 1. Rewriting Eq. (3) as
where A is a constant, and combining Eqs. (9) and (10), one obtains
In general, P can be either spontaneous polarization, P s , or polarization induced by an external electric field. This was how Fleury and Worlock explained the dielectric nonlinearity, which is determined by the higher-order terms in Devonshire's expansion. Ideal STO single crystal is an incipient ferroelectric and therefore there is no spontaneous polarization and P = 0 in the absence of external electric field. However, when local polar regions exist in STO thin films, P s = 0 in those regions, and therefore the P 2 , P 4 , . . . terms' contributions to the soft-mode frequency are not zero. This will cause the soft-mode frequency to be higher than in the ideal single crystal. Neglecting the higher-order terms, the soft-mode hardening can be expressed as
where Ω 2 T O1 (T ) is the soft-mode frequency of the ideal bulk STO crystal, and P 2 s (T ) is the mean square of polarization averaged over the length scale comparable to the wavelength of the soft mode phonon. The higher the density of the local polar regions, the larger is P 2 s (T ) and thus the soft mode frequency of the STO thin films. Similar approach has been used by Vendik it et al. [60] and by Vogt to explain the hardening of the soft modes in Li-doped bulk KTaO 3 [61] .
The influence of local polar regions is strong at low temperatures where the soft modes in the film are much harder than that in the bulk. At high temperatures the soft-mode frequency in the film and the bulk are close at zero field, indicating that either the density of the local polar regions is low or the polarization of these regions is weak or both, such that P 2 s (T ) is small. However, there are local regions, most likely those that become spontaneously polarized at low temperatures, are much more easily polarizable than the bulk crystal: although in bulk crystals the electricfield hardening of the soft mode vanishes above T ∼ 80 K [55] , it persists in STO thin films to high temperatures. We attribute this to the polarization of the easily polarizable local regions around oxygen vacancies by the electric field.
The existence of local polar regions will increase dielectric loss in the thin films. It has been shown that three main mechanisms of intrinsic dielectric loss exist in crystals [16] : three-quantum loss, four-quantum loss, and quasi-Debye loss. The first two mechanisms involve multi-phonon scattering processes, while the quasiDebye mechanism involves the relaxation of the phonon distribution function and can occur only in non-centrosymmetric crystals. The quasi-Debye loss is much larger in magnitude than the multi-phonon losses. In ideal bulk crystals of STO, which is centrosymmetric, only the three-and four-quantum losses are important, which are very low. However, if the local polar regions exist as in the case of STO thin films, these regions are non-centrosymmetric, which is evidenced by the observation of first-order Raman peaks, and the quasi-Debye loss will become possible. Depending on the density of the local polar regions, this could dramatically increase the dielectric loss in STO thin films.
To precisely determine the oxygen content in oxide thin films is a major technical challenge. A reliable method for such measurement is the 3.045 MeV resonance scattering on oxygen in Rutherford backscattering (RBS) using proton, and its accuracy is at best 0.3 % [62] . However, the level of oxygen vacancies of interest is 10 18 cm −3 [63] [64] [65] , which is 10 −5 of the total oxygen content. Positron annihilation technique has been shown to be sensitive to the oxygen vacancies in oxide thin films, which gives only the relative change in the oxygen stoichiometry [66] . Most measurements of the oxygen vacancy density have been indirect, such as from the C-V measurement [65] , Hall effect [67] , band bending at film/electrode interfaces [68] , transient photocapacitance [64] , and second harmonic generation [63] . Because the local polar regions could be very small [27] , directly observing them is difficult. Recently, Hubert et al. developed an Apertureless Near-Field Scanning Optical Microscopy (ANSOM) and observed ferroelectric regions in a (Ba,Sr)TiO 3 films above its Curie temperature [69] . Any major progress in the experimental study of local polar regions will be extremely important for the understanding of the lattice dynamical and dielectric properties of ferroelectric thin films.
SUMMARY
The experimental measurements of the optical phonon including the soft mode in STO thin films are presented. The central results are the hardening of the soft mode in the thin films relative to that in bulk crystals and the existence of the local polar regions due to oxygen vacancies. We found that the soft mode hardening are consistent with the reduced dielectric constant via the LST relation. Based on the Devonshire's model and the LST relation, we proposed that the existence of local polar regions gives rise to the different lattice dynamical properties in ferroelectric thin films from those of bulk crystals, and it can also explain the low-frequency dielectric properties, such as the dielectric constant, dielectric loss, and dielectric nonlinearity, of the STO films that are different from those in the bulk.
